The objectives of the present study were to describe, in detail, behavior associated with standing estrus (STE) in lactating dairy cows and behavioral changes during complete estrous cycles. Estrus signs were monitored by continuous video recording of 20 Holstein-Friesian (HF) cows housed on an outdoor wood-chip pad during 1 estrous cycle (22 d). Other social behavior was recorded during STE and, for comparison, during 1 selected day when none of the cows were in estrus. Standing stationary when mounted was defined as the primary estrus sign. Anogenital sniff, chin rest, attempt to mount, and mount were defined as secondary estrus signs. Ovarian cyclicity was confirmed by progesterone measurements. This study reports short mean duration of STE (7.1 ± 1.44 h) and estrus (mount period; 12.9 ± 1.84 h) of the 13 cows expressing these signs. All mounting activities involved at least one cow in, or within 4 h of, STE. The most frequent sign during STE was anogenital sniff initiated, followed by chin rest received, chin rest initiated, chase up initiated, anogenital sniff received, mount initiated, head butt, mount received, attempt to mount initiated, push away received, play rub, attempt to mount received, follow initiated, threat received, flehmen, avoid, bellow, and social lick received. Standing and mounting activity in HF cows was inconsistent during estrus, indicating that other signs could be of greater use. The frequency of secondary estrus signs initiated and received increased gradually during the last 12 h before STE, revealing significant differences between periods from 4 to 6 and 1 to 3 h before STE. A considerable increase in receptive behavior (secondary estrus signs received) was identified between 1 to 3 h prior to STE and STE. Both frequent initiated and received behaviors were associated with STE. A significant decrease in the frequency of secondary estrus signs initiated and received occurred 3 h after STE. Cows in STE simultaneously predominantly chose the other standing cow as mate and expressed secondary estrus signs more frequently. Based on the results of this study, we suggest that chase up could be regarded as a reliable indicator of estrus and that the changes in proceptive (initiated) and receptive (received) behavior could be used as predictors of different stages in estrus. Knowledge of these behavioral signs may improve heat detection rates and the ability to predict the optimum breeding time for dairy cows.
INTRODUCTION
Detection of estrus is a prerequisite for optimal timing of insemination. Standing estrus (STE), the period during which the cow makes no effort to escape when mounted, is the primary sign of true estrus (Hurnik et al., 1975) . Time of ovulation and breeding can be predicted within a relatively narrow time window, based on the onset and cessation of standing or mounting activity (Stevenson et al., 1983; Roelofs et al., 2005) . Reports in the literature of low frequencies of standing and mounting activity may explain low heat detection rates, despite frequent visual attention (Pennington et al., 1986; Lopez et al., 2004) . Higher heat detection rates have been obtained by observing other signs associated with estrus .
Various physical and behavioral signs are involved, and determining the duration of estrus depends on the choice of signs and the method of observation. Hurnik et al. (1975) defined estrus as the interval between the first and the last mounting or mounted response. Thus, the term "estrus" generally covers a longer period than the more precise period of STE. Dransfield et al. (1998) , using HeatWatch software (DDx Inc., Denver, CO), classified STE as occurring when a cow had a minimum of 3 standing events in any 4-h period. However, mount detectors are only able to detect received mounts and do not record the identity of the initiating cow. Few studies report differences in initiating and receiving behaviors during estrus (Pennington et al., 1986; Kerbrat and Disenhaus, 2004) , but changes in behavioral strategies could be associated with specific stages in the estrous cycle. Thus, when comparing studies, differences in the definition of estrus and in the method of observation need to be considered.
The majority of studies conducted over the last decades have primarily focused on mounting behavior (Trimberger, 1948; Esslemont et al., 1980) . Hurnik et al. (1975) described vulva sniffing and chin pressing (resting), but early studies did not regard chin resting as indicative of estrus (Foote, 1975) . These signs, in addition to aggressive and mounting behaviors, were later quantified by Esslemont et al. (1980) . However, as anogenital sniffing and chin resting also occur in other stages of the estrous cycle (Phillips and Schofield, 1990) , the challenge for the observer is to determine whether a cow exhibiting this behavior is in STE. Although more recent papers report such behavior as a prominent sign of estrus Kerbrat and Disenhaus, 2004) , other social behaviors in cattle associated with estrus are not well documented (Mülleder et al., 2003; Kerbrat and Disenhaus, 2004) .
Continuous surveillance by video or visual observation is the only way to obtain accurate data on the duration of estrus (Nebel et al., 2000) and can provide new background information for improved estrus detection in the field (Williamson et al., 1972) . In studies using automated mounting devices or time-lapse observations, behavior associated with specific stages of the estrous cycle might be overlooked. Recent technological advances have made it possible to record and store large amounts of data collected during continuous video surveillance. This has provided new possibilities for detailed behavioral research.
A study by Esslemont and Bryant (1976) recorded mounting activity in detail through complete estrous cycles, but no recent continuous studies have described estrus signs during the complete estrous cycle of cows. The main objective of the present study was therefore to describe the behavior of Holstein-Friesian (HF) dairy cows during complete estrous cycles, using continuous video surveillance. Secondary objectives were to identify behavioral signs that could be predictive of STE and to assess whether changes in behavior could be used to predict specific estrus stages and serve as practical tools in visual heat detection.
MATERIALS AND METHODS

Animals, Housing, and Management
Twenty HF cows were housed on an outdoor pad from April 11 to May 16, 2006 , at the Teagasc Moorepark Ballydague research farm in Ireland. The study duration was 22 d, beginning on April 18. The pad was 17 × 24 m with wood chip flooring (O'Driscoll et al., 2008) . Cows were offered freshly harvested grass ad libitum twice daily, a flat rate allowance of 2.6 kg of concentrate DM per cow in the milking parlor, and unlimited access to fresh water. Cows were in first parity to sixth parity, with a frequency distribution of 8, 3, 2, 4, 2, and 1, respectively. Cows included in the study were at least 5 wk postpartum (mean 63 d; range 44 to 84 d), had no abnormal signs in the reproductive tract upon examination by ultrasound, had lameness scores of ≤2 (Sprecher et al., 1997) and had BCS of at least 2.5 (Lowman et al., 1976) .
The cows were milked twice daily (0700 and 1530 h), using a parallel milking stall with 2 × 20 milking places. Individual cow milk yield was recorded using electronic milk meters (Dairymaster, Causeway, Co. Kerry, Ireland). Reproductive organs were examined by ultrasound (Aloka SSD-500, Tokyo, Japan), equipped with a 5-MHz rectal transducer, between d 28 and 35, and d 50 and 60 postpartum to reveal reproductive disorders and evidence for ovarian cyclicity. Body condition score was scored monthly postpartum and 14 d before start of the study. Body weights were recorded weekly.
Ovarian Function
A potassium dichromate preservative tablet (Lactab Mark III, Thompson & Capper Ltd., Cheshire, UK) was immediately added to daily whole milk samples, which were then cooled, labeled, and frozen within 2 h at −20°C until measurement of progesterone concentrations by enzyme immunoassay (Waldmann, 1993) modified by using the second antibody coating technique. The specificity of the monoclonal antibody 9C11 is described by Waldmann (1999) . The interassay coefficients of variation for milk progesterone concentrations of 1.48 and 19.66 ng/mL were 9.21 and 5.32%, respectively. The intraassay coefficient of variation was <10%. The sensitivity limit, using a 20-μL milk sample, was <0.5 ng/mL. Function of the corpus luteum (cyclicity) was confirmed by progesterone profiling, characterized by successive waves of increasing and decreasing progesterone values. Standing estrus was confirmed by low milk progesterone concentrations (<2.5 ng/mL) during this period.
Stages of the Estrous Cycle
The definitions by Hurnik et al. (1975) were modified and used as follows. Standing estrus (true estrus) was defined as the interval between the first and last standing events, at which the cow makes no effort to escape when mounted by other cows. This interval may coincide with, or be shorter than, the mounting period.
Mounting estrus (estrus; mount period) was defined as the interval from the first to the last mount engaged in by the cow going through STE, or cyclic nonstanding cows with confirmed low progesterone concentrations during this period. A minimum of 2 mounts within 24 h were required.
Cows were observed continuously through 1 estrous cycle for a period of at least 21 d, until all cows either had showed a regular cyclic change in progesterone concentrations and STE when progesterone was <1 ng/mL, or only a regular cyclic progesterone profile without STE. Behavioral observations were continued for 24 h after the last standing to be mounted observation of the last cow expressing STE, resulting in a total study period of 22 d of all cows. Records from 1 d of nonestrus, on which cows did not express STE, on neither the preceding nor the following day, and had progesterone levels of at least 2 ng/mL were used for comparisons within cows during STE and during nonestrus. The luteal phase was defined as the period between 7 and 16 d after the end of STE. For those cows whose study period was completed during the luteal phase, data from the previous estrous cycle, up to 4 d before estrus, were added. Thereby, data from an estimated luteal phase of 10 d duration was obtained for each cow. The periods 24 h before and after STE, STE, the 1 d of nonestrus, and the luteal phase of the estrous cycle were analyzed because the data did not reveal major changes in other phases of the cycle. The periods 24 h before and after STE were defined as the 24 h before the first standing event and the 24 h after the last standing event of STE, respectively. These periods were further divided into shorter 3-h intervals, because the major changes and visually detectable levels were reached within the last 6 h before STE and because 3-h periods have been used in other recent studies of estrus signs (Roelofs et al., 2004) 
Behavior Recording and Data Management
Two cameras (Axis 211, Axis Communications, Lund, Sweden), both covering the area of the paddock, were placed 3.5 m above the ground at one corner of the short ends of the rectangular pad. Individual identification codes were painted on the neck, flank, and upper leg of each cow to facilitate identification. To allow continuous video surveillance, artificial light was used at night.
Behavioral signs were used as defined here: (1) primary estrus sign: cow remains stationary when mounted; the cow makes no effort to escape when mounted by other cows. (2) Secondary estrus sign(s): mount, attempt to mount, anogenital sniff, and chin rest.
Detailed descriptions of behaviors are listed in Table  1 . Estrus signs were recorded throughout the study period. Other social behavior was recorded during STE and nonestrus. For an event to be defined as a standing event, the mounted cow had to stand still and the mounting had to last for a minimum of 2 s (2 consecutive video pictures). Standing when mounted sideways or head-wise were also considered to be standing events. All first and last standing events, and the respective preceding and following mounts, were confirmed by one additional video observer. Other individual social behaviors (Mülleder et al., 2003) recorded included head butt, body butt, push away, chase up, threat, winner, avoid, play rub (head play and head rub), head lean, social lick, and rump lick.
In an attempt to give a clearer description of the behaviors, we modified the definition of the following behaviors, with the original authors and their definitions given in parentheses (I = initiator of the behavior; R = receiver of the behavior):
Following: One cow chases another for more than 2 m without pushing (Pennington et al., 1986 : one cow making a deliberate act to pursue another cow). Avoid: I avoids R, although R does not visibly threaten I directly beforehand (Mülleder et al., 2003 : I avoids R, although R does not threaten I directly beforehand). Rump lick: I licks rump region of R (Esslemont et al., 1980 : licking back-licking of the back half of the recipient). Side mount: Mounting sideways with or without standing response (Esslemont et al., 1980 : disoriented mounting-mounting head-to-side). Mounting: Mounting and succeeding in resting both legs on rump (Esslemont et al., 1980 : mounting of another cow from behind).
Attempt to mount: Tries to mount by raising the front limbs, but does not succeed (Esslemont et al., 1980: mounting attempts) . Chin rest: Rests the chin on the rump of the other cow (Esslemont et al., 1980 : chin-resting-resting of chin on the back half of the recipient). Play rub: Rubs head against other cow (head play and head rub), except chin resting (Mülleder et al., 2003 : head rub-initiator rubs the head on receiver). Chin rest is not excluded in the latter definition of head rub. Chase up is defined as a cow butting a lying cow that stands up as a result of being butted (Mül-leder et al., 2003) . This was described earlier by Hurnik et al. (1975) as a cow alone in estrus tending to nudge resting cows in an effort to arouse them. In the present study the cows were observed approaching and then body butting or mounting lying cows that, as a result, stood up. It was difficult to differentiate between head play and head rub and therefore both were recorded as play rub. Head butt, body butt, push away, chase up, threat, win, and avoid were all regarded as agonistic behaviors (Mülleder et al., 2003) . The identities of cows initiating and receiving individual behavior traits were recorded, except for flehmen, bellow, head butt, and play rub, as these either involved only one cow (flehmen and bellow) or could not be categorized (head butt and play rub).
Images were collected at the rate of 1 image/s and stored as JPEG files. Videos were analyzed retrospectively, using the program Axis Camera Control (Axis Communications), and the data were entered into a Microsoft Office Access database (Microsoft Corp., Redmond, WA). To avoid investigator bias, the researcher analyzing the video recordings had no knowledge of the estrous cycle stage of the individual animals.
Statistical Analyses
Associations between numbers of cows standing, milk yield, and parity (independent variables), and STE and estrus length were analyzed using multiple linear regression, with STE and estrus length, respectively, as dependent variables. The effect of parity on secondary estrus behaviors and social behaviors initiated or received was analyzed, using linear regression, with parity (primiparous vs. multiparous) as the independent variable. The mean frequency of behavioral signs, measured as counts per hour (cph), were calculated for the periods of the estrous cycle defined previously, and comparisons made between the cows with at least 2 standing events. Because the length of STE varied from cow to cow, the mean frequencies of signs were calculated in different ways. The mean frequencies during STE were first calculated as the total number of each behavior during STE divided by the total length of STE, where total means the sum over all cows with at least 2 standing events. This can be expressed as
is the number of a specific behavior during STE for the ith cow and t i is the corresponding length of STE. We also calculated an alternative frequency mean as
where n is the number of cows with at least 2 standing events. The 2 types of frequency means during STE gave similar results and only the first of these is reported.
The data consist of repeated measurements on each cow, such that observations within each cow are correlated, and simple formulas for the standard error of a mean cannot be used to calculate estimation uncertainties. Therefore, the uncertainties of the frequency estimates were calculated by a bootstrap procedure (Efron and Tibshirani, 1993) , taking into account the repeated measurement design of the data. First, 10,000 bootstrap data sets were constructed by resampling, with replacement from the observed data set. Each cow, with all its associated measurements, was treated as one data unit in the resampling procedure, accounting for correlations between the measurements within a cow. Confidence intervals (95%) and P-values were calculated by the bootstrap percentile method (Efron and Tibshirani, 1993) . If the bootstrap replicates of the estimates contained duplicate values of zero (the null hypothesis), the P-value was not defined by the ordinary percentile method. In these cases, we computed it as the P-value corresponding to the shortest confidence interval not covering zero.
RESULTS
Based on progesterone measurements, 16 out of 20 cows were characterized as cyclic; STE was observed in 14 cows. The 2 remaining cycling cows expressed estrus signs other than standing behavior. One of the 14 cows in STE was excluded because the duration of her estrous cycle was 25 d and consequently observations for a full estrus were incomplete. Of the remaining 13 cows in STE, 2 cows had only one standing event and thus other estrus signs could not be described during STE. Standing estrus was observed during 15% of the study period (81 of 528 h). In this period, cows were alone in STE for 65% of the time (Figure 1 ). The 13 cows in STE had a 305-d mean milk yield of 6,016 ± 336.2 kg (±SE). Their mean BCS was 3.02 ± 0.044, BCS change of −0.02 ± 0.053, and mean BW change of −2.35 (±4.233) kg during the study period.
Duration of STE and Mounting Estrus
The mean duration of STE and mounting estrus was 7.1 ± 1.44 h (n = 13; Figure 1 ) and 12.9 ± 1.84 h, respectively. The estrus period started, on average, 4.3 ± 2.06 h before STE and ended 2.0 ± 0.60 h after the last standing event. If cows that showed standing behavior only once were excluded (n = 2), the mean STE length was 8.4 ± 1.36 h (n = 11) with an estrus duration of 13.0 ± 1.44 h (n = 11). The 2 cyclic cows without recorded standing events participated in few mounting interactions (a total of 2 initiated and 3 received) and duration of mounting estrus could not be estimated. No significant relationship was found between stand duration, parity, milk yield, or number of cows in estrus.
Behavior During STE
The total number of standing events during STE averaged 17.4 ± 4.05 (n = 13) and 21.5 ± 4.15 (n = 11) per cow with a mean frequency of 2.6 ± 0.43 cph (n = 11). Standing behavior, as a response to being mounted sideways and head-wise, occurred in 2 cows 10 times out of a total of 223 standing events.
The frequencies of initiated and received behaviors (Table 1) event (n = 11) during the periods STE and nonestrus are described in Figure 2 . No significant effect of parity on secondary estrus signs and social behaviors initiated or received was observed between primiparous and multiparous cows. Neither mount nor attempt to mount was observed in any cows during nonestrus. Three of 11 cows did not mount during STE. Mounting accounted for only 2.2 cph initiated and 1.7 mounts without standing response received during STE (Table 2) . Received disoriented mounts (head-wise and sideways) were at low frequencies, but were significantly associated with STE (Table 2) . Anogenital sniffing and chin resting behaviors were observed in all cows and most frequently expressed during STE (Table 2 ). Only 4 cows expressed any of these signs during nonestrus. The sum of initiating secondary estrus signs was numerically greater than that of receiving during STE, and all single secondary estrus signs occurred at higher frequencies during STE compared with nonestrus (Table 2 ).
Social and Agonistic Behavior
All 11 cows were involved in social and agonistic behavior during STE and nonestrus, but the frequency of the different signs differed between the 2 periods. Greater frequencies were observed in some social behaviors initiated (chase up, head butt, play rub, follow, flehmen, avoid, bellow) and received (push away, threat, social lick), suggesting an importance of these signs during STE (Figure 2 ). Chase up and head butt were observed at relatively high frequencies during STE, but the remaining social behaviors occurred infrequently (Table 2) . Push away was the only behavior expressed more intensively during nonestrus than during STE ( Table 2) .
Effect of Number of Cows in Standing Estrus
The effect of number of cows in estrus on frequency of behaviors in STE was analyzed. Cows that were in STE simultaneously initiated and received approximately double frequencies of secondary estrus signs compared with cows that were alone in STE (Table 3) . Mounts initiated represented the major difference between these 2 groups (4.6 vs. 0.5 cph). Other behaviors that differed significantly between the 2 groups, but occurred at lower frequencies, were attempt to mount received (Table 3) , avoid (0.03 vs. 0.11; P < 0.001), and threat initiated (0 vs. 0.05; P = 0.02). Rump lick was only observed in cows alone in heat, but was not significantly associated with STE. No significant differences were observed between the 2 groups in the agonistic and secondary estrus signs chase up, head butt, chin rest received, anogenital sniff, and attempt to mount initiated.
Behavioral Changes Around Standing Estrus
The frequencies of secondary estrus signs at specific stages in the estrous cycle are presented in Figure 3 . Secondary estrus signs changed significantly from nonestrus compared with the periods 24 h before, during, and after STE. In other phases of the estrous cycle, secondary estrus signs occurred infrequently, at the same level as during nonestrus and with no obvious pattern. Initiating secondary estrus signs increased gradually during the 24-h period before STE ( Figure  3) ; anogenital sniffing, chin resting, and attempt to mount accounted for most behaviors expressed in this period. A significant increase occurred in secondary estrus signs initiated from the period 4 to 6 h before STE to 1 to 3 h before STE (3.3 and 7.6 cph, respectively), and a decrease from STE compared with 1 to 3 h post-STE (11.2 and 2.3 cph, respectively), but no differences were observed between periods 1 to 3 h before STE and STE (Table 4) . Significantly more total mounts were initiated during STE (mean 2.2) compared with 1 to 3 h before STE (mean 0.9) and 1 to 3 h post-STE (mean 0.3; Table 4 ).
A significant increase was observed in secondary estrus signs received between 1 to 3 h before STE and during STE (means of 2.2 and 8.4 cph, respectively; Table 4 ). Compared with STE, the period 1 to 3 h post-STE was characterized by significantly lower incidences of secondary estrus signs and mounts (Table  4) . Initiated and received secondary estrus signs were 2.3 and 1.5 cph, respectively, during the period 1 to 3 h post-STE (Table 4 ). The differences between initiated and received SEC was most prominent during the period 1 to 3 h before STE.
Cows with a single stand event (n = 2) and short stand duration of <3 h (n = 2) did not compensate with high frequencies of mounts around STE. However, they initiated high frequencies of other secondary estrus signs (a total of 234 vs. 3 mounts initiated) in the last 6 h before STE. Cycling cows with no stand events (n = 2) initiated 1 and received only 3 mounts altogether during the 22 d of the study.
Behavior During Luteal Stage and Behavior of Acyclic Cows
Only minor differences were observed in frequency of secondary estrus signs between the periods nonestrus and the luteal phase (d 7 to 16). Mounting was not observed during nonestrus, whereas a mean frequency of 0.03 ± 0.000 cph initiated was found in the luteal phase. No cows stood to be mounted during the luteal phase. All 11 cows contributed to secondary estrus signs initiated and received with means of 0.1 ± 0.00 and 0.1 ± 0.00 cph, respectively, during luteal phase. The 4 acyclic cows initiated a total of 84 estrus signs during the 22-d study period, and 58 of these (69%) were interactions with cows in STE, of which 11 were mounts. Only 2 and 4 signs were directed toward other acyclic cows and cows in luteal phase, respectively. The 4 acyclic cows received 112 estrus signs during the 22-d study period. Only 8 were mounts and all were initiated by cows in STE.
Estrus Stages of Cows in Mounting Interactions
The stages in the estrous cycle of initiators and receivers of all mounts were investigated. Among the 479 mounts recorded during the 22-d study period, all involved at least one cow in STE (98.5%) or within 4 h of STE (1.5%). No cows were mounted during the last 24-h period before STE. During periods in which 2 cows were in STE, 87 of 112 (77%) of all mounts with standing responses were interactions between these 2 cows. During periods of only 1 cow in STE, 23 of 127 (18%) of mounts with standing responses were initiated by cows within 24 h before their own STE. In only one event (0.01%) was the mounting cow within 24 h after her own STE, and 45 of 127 (35%) standing events were mounts by cows in the luteal phase. Luteal cows were only mounted by cows in STE (6 mounts) and cows within 24 h pre-stand (1 mount). Mounts initiated by cows in the luteal phase were predominantly directed toward cows in STE (78 of 84; 93%) and particularly toward cows alone (75 of 84; 89%) in STE. The remaining 6 mounts (7%) were received by cows within 6 h post-STE. The 2 cycling cows that did not express STE were involved in mounting interactions on only 5 occasions during the study period. The 2 cows expressing only a single stand event and the 2 cows with the shortest STE (0.3 and 2.3 h) were involved in only 13 mounting interactions during estrus (mount period). Disoriented mounting (head-wise or sideways mounting) always involved a cow within 12 h before, or during, STE.
DISCUSSION
Major differences in numerous behaviors throughout the estrous cycle are described in this study. Effects of milk yield and flooring on sexual behavior is well documented in the literature (Phillips and Schofield, 1990; Lopez et al., 2004) . The present data provide information on sexual behavior that is more or less unrelated to the suppressing effect of high milk yield and concrete floors. Other studies have compared signs during estrus with signs during periods in proximity to estrus or during the luteal phase (Hurnik et al., 1975; Kerbrat and Disenhaus, 2004) . In those studies, cows in estrus may have interacted with nonestrous cows. It could be beneficial to compare behavior associated with estrus with behavior during a control period at other stages, not influenced by other cows in estrus. This has been accomplished in our study in which comparisons are made with day nonestrus.
Durations of STE and Mounting Estrus
In the present study, HF cows expressed short STE with variable, low mounting frequencies, despite being moderate-yielding cows in good nutrition and held in an outdoor pad with soft flooring. Duration of STE in dairy cows is traditionally considered to be approximately 18 h (Hammond, 1927; Trimberger, 1948) . Our results, in which the mean duration of STE and estrus were shorter, concur with the results from other continuous studies (Hurnik et al., 1975; Rodtian et al., 1996) and are supported by results from larger studies using HeatWatch (Dransfield et al., 1998; At-Taras and Spahr, 2001) or visual observations (Yoshida and Nakao, 2005) . In agreement with the present study, Lopez et al., (2004) reported that 15% of estruses (57 of 380) consisted of only one standing event and these short STE cows could easily be missed in noncontinuous studies.
Behavior During STE
Total standing and mounting events reported in this study were considerably higher than in other continuous Figure 3 . Estimates of expected frequency (counts per hour) of secondary estrus signs (a, b, c, d, e) with 95% CI initiated ( ) and received ( ) at specific stages of estrous cycle. SEC = secondary estrus signs (anogenital sniff, chin rest, mount, and attempt to mount); NOE = selected day of none in estrus; Pre = hour interval before STE; STE = standing estrus; Post = hour interval after STE. studies (Rodtian et al., 1996; Kerbrat and Disenhaus, 2004) , but lower than reported in the older study of Esslemont and Bryant (1976) . This apparent decrease in total mounting activity in recent years is supported by data published by Dransfield et al. (1998) . Frequencies per hour were not reported in these studies but are relevant in visual heat detection. The higher total mounting activity reported in the present study, as compared with previous studies, could be due to one or a combination of various positive factors, including spontaneous estruses (Walton et al., 1987) , soft flooring (Phillips and Schofield, 1990) , moderate milk yield (Lopez et al., 2004) , or good BCS (Pennington et al., 1986) , as these have all been described previously as affecting estrus expression. Nevertheless, mounting was not a consistent sign of all cows in STE in the current study. Cows with an absence, or short duration, of STE also expressed low mounting activity around STE, as previously noted by . The results from our study suggest that heat detection based on mounting activity can be a challenge, even in herds in which potentially negative influences have been reduced.
To assist with the visual detection of estrus, we can distinguish between behaviors that occur only during estrus and those that increase in frequency during estrus. The former are a clearer indicator of estrus, but the latter are more likely to be observed. As previously reported from other studies (Esslemont et al., 1980; Kerbrat and Disenhaus, 2004) , our study indicated a higher frequency and prevalence of behaviors other than mounting, during both STE and nonestrus. As anogenital sniffing and chin resting are sometimes performed in the nonestrous state, they are less predictive of estrus than mounting (Phillips and Schofield, 1990) . However, identifying repeated incidences (high intensity) of these signs would assist in distinguishing between estrous and nonestrous cows in visual heat detection. The increase in intensity of these signs before STE, and persistence after STE, was previously reported by Esslemont et al. (1980) . In addition to these, the social and agonistic behaviors chase up initiated, head butt, play rub, push away received, following, threat received (being threatened), flehmen, avoid, bellow, and social lick increased significantly, whereas push away initiated decreased during STE. Few other studies report estrus affecting social and agonistic interactions (Hurnik et al., 1975; Phillips and Schofield, 1990; Kerbrat and Disenhaus, 2004) . Rump lick, following, and chase up have not previously been described as being associated with STE. Some behaviors (threat received, social lick, flehmen, avoid, and bellow) occurred at low rates (<0.2 cph) and are consequently of less practical use for heat detection. Increased threat received during STE could be due to proactive cows in heat disturbing other cows. Head butt and play rub are frequent and characteristic signs involving head and neck caressing. These signs were observed to be of longer duration (minutes) than the traditional secondary estrus signs and are therefore easier to detect. Hurnik et al. (1975) cow alone in estrus tended to nudge resting cows in an effort to arouse them. This is probably the same sign that we recorded as chase up, although it has not been quantified in relation to estrus in previous studies. The present data suggest that chase up can be regarded as an estrus sign.
Number of Cows in STE and Behavioral Signs
Considerable evidence exists in the literature, and from the present study, that mounting behavior increases when more cows are in estrus (Hurnik et al., 1975; Roelofs et al., 2005) . However, these data contrast with those of Pennington et al. (1986) , who reported that the number of cows in estrus was not positively associated with activities initiated. This difference could be due to differences between the studies, such as floor types or the method of weighting according to hours in STE.
Behavioral Changes Around STE
The present data, supported by those reported by Kerbrat and Disenhaus (2004) , show significant increases in initiating (proceptive) behaviors during the 24 h before STE. Our data suggest that behavioral changes can serve as predictors of specific stages of estrus. This concept has not been thoroughly described in the literature previously. Mounting activity can easily be overlooked, and thus the beginning and end of estrus period missed (Hurnik et al., 1975) . We suggest that for visual heat detection, it may be better to consider the sum of secondary estrus signs rather than the individual sign. This hypothesis is supported by the data presented by and Kerbrat and Disenhaus (2004) . The gradual increase in levels of initiated secondary estrus signs before STE (Figure 3) is also reported by Esslemont et al. (1980) . Nevertheless, our data revealed the increase and the high frequencies of secondary estrus signs initiated closer to STE (9 and 3 h, respectively) compared with Esslemont et al. (1980; 24 and 12 h, respectively) , indicating a decrease in pre-stand activity in HF over the last decades.
The significant proceptivity, reflected by the changes in initiating behavior between periods 4 to 6 h and 1 to 3 h before STE, could be used as an indicator for the start of the estrus period, in agreement with the study of Kerbrat and Disenhaus (2004) . Unlike with initiated behavior, receptive behaviors (received secondary estrus signs) were first observed at high frequencies when STE was identified, as described previously by Esslemont et al. (1980) and Pennington et al. (1986) . We suggest the differences in initiated and received behaviors throughout estrus as a topic for future research. The receptivity of the estrous cow depends on interactions with other (initiating) cows and the willingness of the cow itself to receive attention. This social dependence and specificity of receptive behavior to the short STE period may partly explain some of the individual differences in expression of estrus. We suggest that the profound receptivity of secondary estrus signs during STE could be a practical tool for identifying STE.
The end of estrus was identified by a sudden decrease in both initiated and received estrus signs immediately after the standing period. According to other studies (Dransfield et al., 1998; Nebel et al., 2000; Roelofs et al., 2004) , the post-STE or preovulatory period indicates the start of an optimal time window for AI. The observed "turn off" in estrus signs, the first hours poststand, is indicative of the post-STE period.
Estrus Stage of Cows in Mounting Interactions
Our data indicate that cows simultaneously in estrus prefer mounting each other rather than cows not in estrus. As previously reported in other studies, our study indicated that expression of mounting was strongly associated with one of the involved cows being in estrus (Hurnik et al., 1975; .
Behavior in Luteal Stage and in Acyclic Cows
Acyclic cows and luteal cows were themselves not sexually active, but received attention from cows in STE. The frequency of secondary estrus signs during nonestrus was very low, indicating that cows in estrus is a prerequisite of these behaviors.
CONCLUSIONS
Our detailed observations of HF cows, made throughout complete cycles of estrus, indicate that chase up should be regarded as a sign of estrus and that changes in proceptive and receptive behaviors could be used to assess stages in estrus. Increased initiated secondary estrus signs during the 6-h period before STE (proceptivity) could act as a warning of STE in visual heat detection, whereas the profound increase in received behavior (receptivity) could be used as a practical tool to identify the start of STE. We suggest that the significant decrease in all behavior during the first 3 h post-STE could be used to identify the post-stand period. The various behavioral changes identified in this study may improve heat detection, and therefore increase pregnancy rates, in dairy farms.
